The effect of intraspecific competition can be modified through the interaction with genetic relatedness among the competing individuals. Theory of kin selection predicts that organisms should modify their behaviour to increase the fitness of their relatives and consequently their inclusive fitness. However, in populations with low genetic variation, the recognition of kin and nonkin individuals could be compromised. In this study, we tested the influence of density and relatedness on larval development in a genetically impoverished population of the pool frog (Rana lessonae Camerano, 1882), exposing individuals from four families to two densities and to competition by full-sibling and nonkin larvae. Larvae in high-density treatment were smaller than those in low-density treatment. No effect of kin, or interaction between density and kin, was detected. However, significant differences were detected in body size among the families and high heritability for size was found in both densities. Lack of variation in recognition alleles may explain the lack of kin effects on growth, whereas variation has been maintained in life-history traits either owing to their polygenic inheritance or owing to maternal effects.
Introduction
Individual life history is often strongly affected by interactions with other organisms (Morin 1999) . For example, an increase in density leads to an increase in competitive interactions between organisms, and changes in density are frequently associated with modifications of growth, survival, and life history (see, e.g., Goater 1994; Forrester 1995; Ostfeld and Canham 1995) . The outcome of competitive interactions can be altered by environmental factors like abiotic conditions, predation risk, or relatedness among competitors.
Kinship theory predicts that when resources are limited, individuals should direct intraspecific competition away from kin if the relatedness-weighed benefits of such behaviour exceed its costs (Hamilton 1964a (Hamilton , 1964b ). An individual could increase its inclusive fitness (considered to be the sum of its own reproduction success and that of its relatives) by enhancing the growth and survival of related individuals (Grafen 1984) . Associating with relatives has been linked with reduction of aggressive interactions among individuals, increase of food detection capacity, and enhancement of antipredator responses (Pfennig 1999; Giron et al. 2004; Ward et al. 2006) . However, restricted food conditions may increase competitive interactions, likely decreasing individual growth. In this sense, the analysis of how density effects on individual life history are modified by relatedness among individuals can be useful to predict population and community dynamics under variable environmental conditions .
A crucial factor affecting the strength and direction of the competitive interactions is the capacity of organisms to differentiate between kin and nonkin individuals. Kin-recognition systems are based on phenotype matching or on recognition alleles, where individuals have a learned or inherited recognition template against which to compare the cues of other conspecifics (Blaustein 1983; Porter et al. 1983) . Differences between the template of an individual and the cue emitted by a conspecific lead to consideration of the other individual as nonkin. However, several studies have shown that reduction in the genetic diversity in inbred populations is associated with a lack of discrimination capacities among relatives and nonrelatives, likely because of a lack of variation in recognition alleles (Nevison et al. 2000; Tsutsui et al. 2000 Tsutsui et al. , 2003 . For this reason, studies of genetically impoverished populations could give us a different view to competitive interactions in nature, complementary to the one provided by genetically diverse populations.
Amphibian larvae have been widely used as a model system for studying the effects of density and relatedness on individual fitness Blaustein 1994, 1997; Alford 1999; Saidapur and Girish 2001; Pakkasmaa and Aikio 2003; Gramapurohit et al. 2004; Pakkasmaa and Laurila 2004) . Many amphibians are explosive communal breeders, having synchronous hatching and high larval densities. These factors increase competitive interactions during the aquatic stages of the life cycle. Several studies have reported the effects of increasing density on the behaviour, growth, and morphology of amphibian larvae. Under competition, tadpoles show reduced growth, increased activity, and relatively small tails and large bodies (Anholt and Werner 1995; Wilbur 1997; Relyea 2002) . Many amphibians are able to recognise kin, showing different responses towards relatives and nonrelatives (reviewed in Waldman 1991; see also Blaustein and Waldman 1992) . In tadpoles, association with kin leads to more uniform and faster growth, as well as a larger size at metamorphosis (Jasieński 1988; Smith 1990; Waldman 1991; Hokit and Blaustein 1997; Saidapur and Girish 2001; Pakkasmaa and Aikio 2003; Pakkasmaa and Laurila 2004) . In particular, kin-biased behaviour has been observed in many Rana species (Waldman 1991; Blaustein and Waldman 1992; Blaustein 1994, 1997; Saidapur 1999, 2003; Pakkasmaa and Aikio 2003; Pakkasmaa and Laurila 2004) .
In this study, we investigated the effects of density and relatedness on growth of amphibian larvae, as well as the extent of among-family variation, in an isolated and genetically impoverished population of the pool frog (Rana lessonae Camerano, 1882). Rana lessonae is strongly dependent on high water temperatures to start the breeding activity (Sjögren et al. 1988) , and our study population in central Sweden is at the northern limit of the distribution range of the species (Snell et al. 2005) . Because of the strong time constraint faced by the studied population, we predicted that intense competitive relationships between R. lessonae tadpoles will lead to reduced larval growth at high density. We also predicted that relatedness will modify the competitive interactions among tadpoles if there is enough genetic diversity to differentiate between kin and nonkin, and kin groups will enjoy higher growth than nonkin groups.
Materials and methods

Study organism
Rana lessonae is widely distributed in continental Europe, extending from southern France to Volga river basin, and maintains also two isolated northern populations in Norway and Sweden (Snell et al. 2005) . In Sweden, the species occurs in~100 localities along the east-central coast (Uppland county), isolated by more than 300 km to the nearest continental populations in Estonia (Sjögren 1991) . This northern fringe population shows very little molecular genetic diversity, strongly contrasting with continental populations (Sjögren 1991; Zeisset and Beebee 2001; Tegelström and Sjögren-Gulve 2004; Snell et al. 2005) . In Sweden, R. lessonae breeding season usually does not start until mid-to late May, often early June, several weeks after the other anuran species (Sjögren et al. 1988; G. Orizaola, personal data) , and years with a delayed start of the breeding season can lead to a total reproductive failure in this population (Sjögren 1991) . Rana lessonae females lay~500 eggs, and larvae metamorphose after 2 months at average temperature (20 8C; G. Orizaola and A. Laurila, unpublished data).
Parts of four freshly laid egg clutches were collected in a forest pond near Forsmark (Tierp municipality; 60826'N, 1885'E) on 15 June 2005. Eggs were brought to the laboratory in Uppsala and maintained in 1 L plastic vials at room temperature (20 8C). Hatching occurred simultaneously in all families after 3 days in the laboratory. After hatching, larvae were kept in 1 L vials in groups of 20 individuals. Total length of the larvae was measured before the experiment (to the nearest 0.1 mm), and the larvae were sizeselected according to total length to avoid initial differences between groups (ANOVA for family and density effects: P = 0.897 and 0.221, respectively). All the animals used in the study were cared for in agreement with national laws, and eggs were collected under permission of national and local authorities (Länsstyrelsen Uppsala Län).
Experimental design
The experiment consisted of a 2 Â 5 factorial design in which two larval densities (two or four larvae per vial) were crossed with five family treatments (four full-sibling families and a mixed group) to examine the effects of relatedness on larval growth. The mixed groups included one larva from each family in the high-density treatment, and all the possible combinations of two larvae from four different families in the low-density treatment. Each treatment combination was replicated eight times, except that families 3 and 4 were replicated only six times because of low numbers of available larvae. The experiment started on 30 June 2005, after larvae reached Gosner stage 25 (Gosner 1960 ; complete reabsorption of gills). Larvae were placed in 3 L cylindrical plastic vials (18 cm in diameter) filled with 2.5 L of reconstituted soft water (for details see Räsänen et al. 2003) . Water was completely changed every 5th day. Vials were located in a single climate room at 20 8C (mean (SE) temperature of 20.56 ± 0.05 8C) with a 18 h light : 6 h dark photoperiod (corresponding to the situation in central Sweden in early summer). Five blocks were created to account for the known temperature variation in the room. All combinations of density, family, and relatedness were present once or twice in each experimental block. Larvae were fed ad libitum every 3rd day with chopped boiled spinach. At day 27 of the experiment (27 July 2005), the larvae were individually weighed to the nearest 0.1 mg on a digital balance after removing the excess water by gently rolling the larvae on a paper towel. A dorsal image of every larva was taken with a digital camera to measure larval body length.
Statistical analysis
Vial mean values and coefficients of variation (CV) for body mass and body length were used as response variables in the statistical analyses. General linear models were used to examine the effects of relatedness, density, and experimental block on means and CVs for larval body mass and body length. To use a balanced design between relatedness treatments, we randomly selected two replicates per family and density treatment equally distributed among blocks. To test whether families differed in growth characteristics, a linear mixed model with restricted maximum likelihood (REML) estimation using family as a random factor was performed on means and CVs for larval body mass and body length, separately for both density treatments. REMLbased models are more flexible and make fewer assumptions than conventional ones, and are especially suitable for the study of quantitative traits (Lynch and Walsh 1998) . Deviation from normality was tested with Shapiro-Wilk tests and homogeneity of variances with Bartlett-Box tests. No heteroscedasticity or deviations from normality were detected.
Variance components and heritability were estimated with separate analyses for each density treatment. Variance components owing to family (V F ) and error term (V E ) were obtained with a REML estimation procedure. Additive genetic variance (V G ) was estimated as 2 Â V F . Since the study was conducted with full-sibling families, broad-sense heritability (H 2 ), which is estimated as H 2 = V G / (V G +V E ), was calculated for each density treatment (Roff 1997) .
Results
Larval mortality was insignificant during the experiment: 222 out of 224 larvae survived to the end of the experimental period (99.10%). The two replicates in which one larva died were removed from the analyses. Overall, larval body mass and body length were strongly influenced by larval density (Table 1) , with larvae from the low-density treatment having, on average, 63% higher mass and 21% longer body than those from the high-density treatment (Fig. 1) . CV of body length was significantly higher at the high-density treatment, while CV of body mass was almost significant. No differences between relatives and nonrelatives were detected for mean trait values (Table 1) . However, there was a strong effect of relatedness on CV of these traits (Table 1) , both body mass and body length values showing higher variation among nonrelatives than among relatives (Fig. 1) . No significant interactions between relatedness and density, neither block effects were found.
There were highly significant differences among the R. lessonae families in both body length and mass, and both at high and low densities (P values in all cases <0.0001). For example, families 1 and 2 differed in larval body mass (Tukey's tests, P < 0.005), larvae from family 2 being, on average, more than two times heavier in both density treatments (Fig. 1) . Heritability estimates were moderate to high for all considered traits in both density treatments (Table 2 ).
Discussion
We found strong effects of density on larval growth, with larvae exposed to high-density levels having a general lower mass and smaller size than those exposed to low-density treatment. These results are in agreement with many previous studies reporting negative effects of increasing intraspecific density on tadpole growth, and finally on size at metamorphosis in a wide variety of anuran species (reviewed by Alford 1999; see also Relyea 2002) .
Contrary to previous studies (see, e.g., Jasieński 1988; Hokit and Blaustein 1997; Saidapur and Girish 2001; Pakkasmaa and Aikio 2003; Pakkasmaa and Laurila 2004) , relatedness did not affect body length and mass, with tadpoles in mixed groups having mean trait values similar to those in sibling groups. Nevertheless, we found that groups of fullsibling larvae had lower variation in mass and body length values than groups of nonkin tadpoles. Reduced variation in kin groups could be explained by a reduction in competition, since increased competition has been shown to increase variation in body size in tadpole groups (Alford 1999) . However, we find it more likely that the higher variation in mixed groups is due to the significant differences in growth observed among families, with some families growing more than two times larger than others. These among-family differences in growth could be due to genetic or maternal effects. The influence of maternal effects, such as differences in female investment in egg size that could affect hatchling size (see, e.g., Räsänen et al. 2005) , were minimized in this study, as larvae hatched simultaneously and were selected to have the same size at the start of the experiment. Therefore, genetic differences among families are the most likely explanation for the variation in growth detected in this study. An indicator of the strong family variation for life-history traits is the high heritability determined for the considered traits (e.g., H 2 > 0.60 and 0.47 for body mass at low and high densities, respectively). High heritability for growth also reflects a substantial potential for this trait to evolve, and suggests that rapid adaptation to environmental modifications is possible.
Previous studies have shown that our study population harbours very little molecular genetic diversity (Sjögren 1991; Zeisset and Beebee 2001; Tegelström and Sjögren-Gulve 2004; Snell et al. 2005) . However, among-family differences in life-history characteristics could be explained by both body mass and body length being complex traits with polygenic inheritance. Even a population showing little genetic variation in marker traits may maintain high genetic variation in quantitative polygenic traits, which are typically influenced by tens of genes and have considerably higher mutation rates than single-locus marker traits (Lande 1976; Roff 2007 ). This interpretation does not necessarily contrast with our lack of detection of any effect of relatedness on growth characteristics. Theory predicts that individuals growing in kin groups should develop altruistic behaviours that reduce competitive interactions among related individuals, eventually leading to the share of more food resources than with nonkin (Hamilton 1964a (Hamilton , 1964b . However, if recognition mechanisms are under control of one locus or few loci, populations with reduced genetic variation may not be variable enough to differentiate between related and nonrelated individuals. This could lead to the identification of all individuals as kin. The absence of genetic variation in recognition mechanisms has been also suggested as a cause for the reduction of aggressive interactions in ants (Tsutsui et al. 2000 (Tsutsui et al. , 2003 , rodents (Nevison et al. 2000) , and fish (Tiira et al. 2003; Frommen et al. 2007 ). Reduced aggression through lack of genetic variation can have far-reaching ecological consequences. For example, reduced aggressive behaviour caused by genetic bottleneck during colonization is an important factor explaining the success of the Argentine ant (Linepithema humile (Mayr, 1868)) in invading North America (Tsutsui et al. 2000 (Tsutsui et al. , 2003 .
A result supporting this hypothesis is the lack of interaction between density conditions and relatedness, with groups of related and nonrelated larvae experiencing similar effects when competitive conditions change. An increase of competitive interactions is expected under more stressful conditions, especially in groups of nonrelated individuals. In our experiment, larvae respond only to changes in density, which could be an indicator of absence of discrimination between kin and nonkin individuals. This finding clearly contrasts with previous studies in which density was reported to influence competitive relationships differentially between kin and nonkin individuals (Blaustein and Waldman 1992; Hokit and Blaustein 1997; Saidapur 1999, 2003; Saidapur and Girish 2001; Pakkasmaa and Aikio 2003; Pakkasmaa and Laurila 2004) . However, the previous studies were conducted in populations likely harbouring higher genetic variability than the Swedish R. lessonae population. A definite answer regarding this point would have come from experiments using tadpoles from less-inbreed localities. However, in our study area all the localities occupied by R. lessonae are characterized by a nearly total absence of genetic diversity (Sjögren 1991; Zeisset and Beebee 2001; Tegelström and Sjögren-Gulve 2004; Snell et al. 2005; G.Orizaola and A. Laurila, unpublished data) . Using individuals from less-inbred populations from central Europe would have added some confounding effects to the study, since the Swedish population is considered a distinct ''northern clade'' that is different from other European populations in many traits (e.g., morphology, coloration, calls, seasonal time constraint, and growth rate; Zeisset and Beebee 2001; Wycherley et al. 2002; Snell et al. 2005) .
Our results suggest that the effects of relatedness among individuals on competitive interactions could be deeply affected by the genetic variation of the population. The relaxed kin recognition in populations with low genetic variation may influence the dynamics of these often small and isolated populations. Hence, the same mechanisms that reduce aggressions and competitive interactions, and cause problems with invasive species (Tsutsui et al. 2000 (Tsutsui et al. , 2003 , can be beneficial for threatened populations with low genetic variation.
